Abstract: Bi(NO 3 ) 3 · 5H 2 O/MgSO 4 was developed as an efficient and green reagent for the nitration of aromatic compounds under mechanochemistry (or ball milling) condition. While aromatics with weak activating groups such as phenyl could be nitrated by this reagent with 100% conversion, aromatics with weak deactivating groups such as chloro-or bromo-could also be nitrated but with moderate conversion and regioselectivity with big para/ortho ratios. The in situ generated N 2 O 4 or NO 2 due to the decomposition of Bi(NO 3 ) 3 · 5H 2 O promoted by MgSO 4 should be responsible for this mechanochemical nitration.
Introduction
Aromatic nitration is of great importance for both industrial applications and academic studies [1] [2] [3] [4] . While large amounts of simple nitroaromatic compounds such as nitrobenzenes and nitrotoluenes are manufactured by this mature industrial method [1] , many kinds of nitroaromatic fine chemicals in relatively small amounts are still needed to be manufactured in order to meet the requirement of dyes, plastics, and pharmaceutical industry. Currently, most of these fine chemicals are manufactured by the traditional nitration methods which usually employ an excess of nitric acid or a mixture of nitric acid and sulfuric acid (so called "mixed acids") as nitration reagents. These reactions suffer from drawbacks such as unselectivity and imperfect functional group tolerance. Besides, these reactions may cause explosion and also generate nitrogen oxide (NO x ) fumes and large quantities of waste acids; the disposal of these spent liquors presents a serious environmental problem. Therefore, there has been a continuous effort to look out for new nitrating agents in order to make the nitration reaction safe, ecofriendly, and less costly. Recently, various new nitrating reagents such as organic nitrating compounds [3] , polymer-supported nitrating salts [3] , and various inorganic nitrate salts have been utilized as "green" nitrating reagents to produce nitroaromatic compounds. Such nitrate salts include Fe(NO 3 ) 3 · 9H 2 O [5] , AgNO 3 [6] , Mg(NO 3 ) 2 · 6H 2 O [7] , Me 4 NNO 3 [8] , NaNO 3 [9] [10] [11] , Ni(NO 3 ) 2 · 6H 2 O [12] , Bi(NO 3 ) 3 [13] , and Bi(NO 3 ) 3 · 5H 2 O [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Among these nitrate salts, Bi(NO 3 ) 3 · 5H 2 O is an effective, inexpensive, low toxic, and easy to handle reagent. Several Bi(NO 3 ) 3 [17, 23] have been developed in recent years. However, most of these nitrating reagents were only effective for the nitration of highly activated aromatics, such as phenols and anilines. Recently, Laali [16] reported that either chlorobenzene or bromobenzene could be nitrated with good yield with Bi(NO 3 ) 3 · 5H 2 O in imidazolium ionic liquid at relatively high temperature (e.g. 85°C) and long reaction time (e.g. 15 h). They also reported that if the ionic liquid was replaced by 1,2-dichloroethane, the nitration could be also performed smoothly under refluxing for a very long time (e.g. 40-70 h). To our knowledge, this is the only report which mentioned that deactivated aromatics can be nitrated by Bi(NO 3 ) 3 · 5H 2 O, although expensive ionic liquids are employed or tedious reaction time is needed for regular solvents.
Along with the rapid development of green chemistry, mechanochemistry has attracted increasing attention from chemists [24, 25] . Mechanochemistry is mainly promoted by mechanical milling at a frequency of 5-60 Hz. A solvent-free mechanochemical organic reaction is a green process, which exhibits many advantages over its liquid-phase counterpart in terms of higher product yield, better selectivity, shorter reaction time, simple work-up procedure, elimination of harmful organic solvent, etc. Nowadays, no difficulty exists in scaling-up mechanochemical syntheses up to 200 g batches, and final large-scale industrial productions [26] . Considering these kinds of advantages of mechanochemical organic reaction as well as our early experiences about the mechanochemistry related to [60]fullerene or carbon nanotubes [27] [28] [29] , we investigated the mechanochemical nitrating reaction of aromatic compounds by employing Bi(NO 3 ) 3 · 5H 2 O as the nitrating reagent. We found that along with the addition of MgSO 4 as auxiliary, the nitration reaction was greatly improved and deactivated aromatics such as chlorobenzene and bromobenzene could be regioselectively nitrated in good yield and within a short time. In addition, this method can be explored to gram scale by taking planetary ball mill as a reactor.
Materials and methods
All chemicals were purchased from Sigma-Aldrich (Billerica, MA, USA), Alfa Aesar (Ward Hill, MA, USA), or TCI (Tokyo, Japan), and were used without further purification. The nitrating reaction was carried out either in a MM400 mixer ball mill (Retsch GmbH, Haan, Germany) or in a QM-3SP04 planetary ball mill (Nanjing NanDa Instrument, Nanjing, China). The 1 H NMR and 13 C NMR spectra were recorded using either a Bruker AV 400 or a Bruker AV 600 spectrometer (Bruker Corporation, Billerica, MA, USA) in CDCl 3 with tetramethylsilane as the internal standard. The GC-MS measurements were carried out using an Agilent Technologies instrument equipped with a 6890N network GC system and 5973 network mass selective detector (Agilent Technologies, Santa Clara, CA, USA).
General procedure for the mechanochemical nitrating reaction
For the MM400 mixer ball mill, the stainless milling beaker (2.5 ml) was filled with one stainless milling ball (6.35 mm) and then the aromatic compound (0.02 mmol), Bi(NO 3 ) 3 · 5H 2 O (0.09 mmol), and 100 mg of MgSO 4 were placed into the beaker sequentially. The mechanical reaction was performed at specific oscillation frequency (ν = 20 Hz) and time (t = 2 h). The reaction mixture was extracted by dichloromethane (3 × 5 ml). The solvent was evaporated and the residue was dried in vacuum. Unless specified, the components of the residue were analyzed and determined by 1 H NMR and literature. For the QM-3SP04 planetary ball mill, the stainless milling beaker (100 ml) was filled with 30 stainless milling ball (10 mm) and then the aromatic compound (2 mmol), Bi(NO 3 ) 3 · 5H 2 O (9 mmol), and 10 g of MgSO 4 were placed into the beaker sequentially. The mechanical reaction was performed at a specific rotating speed (400 rpm) and for a certain time according to the different substrates. The reaction mixture was extracted by dichloromethane (3 × 50 ml). The solvent was evaporated and the residue was dried in vacuum. Entry 6: The reaction was performed in the same manner as described in the general procedure. The mixture was purified by column chromatography on silica gel with n-hexane-dichloromethane (1:1) as the eluent. The products were not purified further and directly analyzed by 1 H NMR. 4-Nitrobromobenzene [30] 1 H NMR (600 MHz): δ = 8.10 (d, J = 8.3 Hz, 2H), 7.69 (d, J = 8.9 Hz, 2H). 2-Nitrobromobenzene [30] 1 H NMR (600 MHz): δ = 7.84 (dd, J = 8.3, 1.6 Hz, 1H), 7.75 (dd, J = 7.8, 1.3 Hz, 1H), 7.50-7.42 (m, 2H).
Entry 7:
The reaction was performed in the same manner as described in the general procedure. The mixture was purified by column chromatography on silica gel with n-hexane-dichloromethane (1:1) as the eluent. The products were not purified further and directly analyzed by 1 
Results and discussion
In our experiments, we take biphenyl as the representative substrate, because biphenyl is solid at room temperature. Initially, we mix 0.5 mmol of biphenyl with 5 mmol of Bi(NO 3 ) 3 · 5H 2 O in the milling ball and the mixture was milled at 20 Hz up to 10 h However, only unreacted biphenyl was recovered. This implies that biphenyl cannot be nitrated by Bi(NO 3 ) 3 · 5H 2 O itself under our mechanochemical reaction condition.
It was reported that the addition of milling auxiliaries would improve the mechanochemical reaction on both conversion and selectivity [34] [35] [36] . Following this idea, a few of the auxiliaries were used for the Bi(NO 3 ) 3 · 5H 2 O based mechanochemical nitration. Considering that there are five crystal waters in the structure of Bi(NO 3 ) 3 · 5H 2 O which may hinder the reaction, several drying agents were selected as auxiliaries.
We mixed 0.02 mmol of biphenyl and 0.06 mmol of Bi(NO 3 ) 3 · 5H 2 O together. In order to keep the volume of the mixture at same level for each reaction, 100 mg of the selected auxiliary was added. The mixture was ball-milled at 20 Hz for 2 h. While the reactions with auxiliaries such as SiO 2 , CaCl 2 , γ-alumna, CaSO 4 , and Na 2 SO 4 failed to give any products, the reaction with MgSO 4 as auxiliary did work. The mixture was purified by column chromatography on silica gel with n-hexane-dichloromethane (1:1, v/v) as the eluent. After removing the unreacted biphenyl, the product was not purified further and directly analyzed by In order to get higher conversion of biphenyl, the effect of the MgSO 4 loading was investigated (Figure 2) . While keeping the molar ratio of biphenyl/Bi(NO 3 ) 3 · 5H 2 O as 1:3 (0.02 mmol vs. 0.06 mmol), the conversion of biphenyl is increased gradually with the increasing amount of MgSO 4 ( Figure 2A ). When the amount of MgSO 4 reached 100 mg, the conversion of biphenyl is about 65% and this conversion is kept almost unchanged when the amount of MgSO 4 is increased to 120 mg. This implies that 100 mg of MgSO 4 is the best loading for the reaction. In order to further achieve higher conversion of biphenyl, a larger molar ratio of 1:4.5 of biphenyl/Bi(NO 3 ) 3 · 5H 2 O (0.02 mmol vs. 0.09 mmol) was investigated under the same condition ( Figure 2B ). Clearly, 100% conversion of biphenyl is achieved when 100 mg of MgSO 4 is employed. This conversion is kept unchanged when the amount of MgSO 4 is increased to 120 mg. Thus under our mechanochemical nitrating condition, the best ratio is 0.02 mmol of biphenyl, 0.09 mmol of Bi(NO 3 ) 3 · 5H 2 O, and 100 mg of MgSO 4 .
In order to establish the generality of the methodology, the nitrating abilities of Bi(NO 3 ) 3 · 5H 2 O/MgSO 4 system were investigated using a variety of aromatic compounds including activated and deactivated aromatics under the above optimized condition. Table 1 summarizes the  results. Apparently, under our mechanochemical nitrating condition, aromatics with weak activating electrophilic substituent such as phenyl (Entry 1) or alkyl (Entry 4) can perform nitrating very well. The conversion is 100%, giving only para-and ortho-products with para-compounds as the main products. For biphenyl with strong activating electrophilic substituent such as methoxyl (Entry 2), a bis-nitrated product is produced as the main product while the mono-nitrated product is also produced as expected. This suggests that aromatics with strong activation electrophilic substituents such as hydroxyl or animo group can be nitrated very easily under our mechanochemical nitrating condition. Meanwhile, polycyclic aromatics like naphthalene (Entry 13) and pyrene (Entry 14) can also perform nitrating reactions, resulting in mono-nitrating derivatives with quantitative yields. As for p-bromo modified biphenyl (Entry 3), the unsubstituted phenyl part reacts well and gives two nitrated products such as 4-nitro-4′-bromobiphenyl, and 2-nitro-4′-bromobiphenyl, respectively, which implies that it is not easy to nitrate aromatics with de activating groups.
To our surprise, the nitration of either chlorobenzene (Entry 9) or bromobenzene (Entry 10) can be performed under the above mechanochemical nitrating condition, showing a moderate conversion around 50% with the para compounds as the main products. The ratio of para/ortho for nitrated chlorobenzene and bromobenzene is 3.13 and 2.60, respectively. These isomer ratios are very large compared with the counterparts of ordinary nitration reaction of chlorobenzene (e.g. 1.83) and bromobenzene (e.g. 1.30) by taking the mixed acids as the nitrating reagent [37] . As reported by Laali et al. [16] , by taking Bi(NO 3 ) 3 · 5H 2 O as the nitrating reagent, the para/ortho ratio of nitrated chlorobenzene in ionic liquid (such as [bmim]PF 6 ) or 1,2-dichloroethane is 1.08 and 1.56, respectively. For that of bromobenzene, the para/ortho ratio is 2.57 and 1.38, respectively. Thus by taking Bi(NO 3 ) 3 · 5H 2 O as the nitrating reagent and MgSO 4 as the auxiliary, the mechanochemical nitrating reactions of chlorobenzene and bromobenzene are regioselective and the para derivatives are the major products. In the same condition, o-dichlorobenzene (Entry 7) can also be nitrated in 40.6% conversion to give the corresponding para-and ortho-substituted products with a para/ortho ratio of 8.71. Compared with Laali's method in solution, our mechanochemical nitrating method provided another approach to realize the nitration of deactivated aromatics, which is solvent-free, time-saving, ecofriendly, easy to handle, and with better para regioselectivity. While 4-methyl benzoic acid (Entry 8) can be nitrated to give 4-methyl-3-nitro benzoic acid in about 30% conversion and 100% yield, other aromatics modified with moderately deactivating substituents such as carboxylic group (Entry 9), sulfonic group (Entry 10), cyano group (Entry 11), and carbonyl group (Entry 12) cannot perform nitrating reaction in the above mechanochemical nitrating condition. This implies that the Bi(NO 3 ) 3 · 5H 2 O/ MgSO 4 system is not strong enough to nitrate deactivated aromatics.
In order to investigate whether the present method can be applied to a large-scale aromatic nitration, two substrates (Entry 3′ and 13′, Table 1 ) were tested using a QM-3SP04 planetary ball mill. Thus 100 molar times of each substrates was ball milled with Bi(NO 3 ) 3 · 5H 2 O/MgSO 4 at the same molar ratio as described above. The reaction of 4-bromobiphenyl took 6 h to reach 100% conversion. The para/ortho ratio of the products is 0.98, exactly the same as the experimental results obtained above using the mixer ball mill. As for naphthalene, the reaction took only 40 min to get the final product of 1-nitronaphthalene quantitatively. The above results clearly show that the planetary ball mill works as well as the mixer ball mill, implying the possibility for applying this reaction in large scale.
It was reported by Hua et al. [22] that in their solid phase grinding reaction of phenols with Bi(NO 3 ) 3 · 5H 2 O at room temperature, the exothermic reaction resulted in higher temperature of 43°C. However, as for our experiments in planetary ball mill, the reaction was performed at an environmental temperature of 27.0°C, the temperatures of the mixtures for both two reactions were all between 30.4°C and 31.4°C, indicating no remarkable heat release under our reaction condition. Comparing with their reaction conditions, we believe that the addition of extra MgSO 4 can distribute the reaction heat.
Currently, we do not know much about the mechanism of this reaction. During our experiments, we have observed the release of brown gas when the substances failed to give any nitrated product (for example, Entries 9-12 in Table 1 ). We believe this gas should be N 2 O 4 or NO 2 . In this case, compared with other auxiliaries, we suggest that MgSO 4 could somehow facilitate the thermal decomposition of Bi(NO 3 ) 3 · 5H 2 O, the in situ produced N 2 O 4 /NO 2 should be responsible for the nitration, most probably, following the way reported by Kaupp and Schmegers [38] . More work still needs to be done in order to make this mechanism more clear.
In summary, we have developed a mechanochemical method for the nitration of aromatic compounds by taking Bi(NO 3 ) 3 · 5H 2 O as the nitrating agent and MgSO 4 as the auxiliary. Aromatics with either weak activating groups or weak deactivating groups such as chloro-or bromo-could be nitrated with excellent or moderate yield. This method is green, effective, and could be performed on gram scale safely. Although the mechanism is not clear enough, we suggest that the in situ generated N 2 O 4 or NO 2 from the decomposition of Bi(NO 3 ) 3 · 5H 2 O should play a major role in this mechanochemical nitration.
